Introduction
The timing of sexual maturation in mammals including man is dependent on several factors: the size of the animal, life expectancy and environmental factors such as season, temperature, and perhaps most importantly, nutrition. The availability and intake of food are as crucial as environmental factors for sexual maturation, as are energy expenditure and thermogenesis (1) .
Recently, the general interest in the regulation of energy expenditure, thermogenesis and weight gain has been sparked by the discovery of leptin, the ob gene product (2, 3) . Leptin is produced by adipocytes and is thought to act as an afferent satiety signal regulating appetite and weight. It is involved in the regulation of body weight through suppressing appetite and stimulating energy expenditure in rodents (4) (5) (6) (7) . The expression of the ob gene and leptin serum levels are increased in various animal models of obesity and also in human obesity (2, 3, (5) (6) (7) (8) (9) (10) (11) (12) . In human obesity a tendency towards sexual precocity has been documented (1, 13, 14) .
It has been postulated that leptin acts through specific receptors in the hypothalamus (3) . Leptin production by adipose tissue is under neuroendocrine control (15, 16) . Apart from leptin's central role in the pathophysiology and physiology of weight gain, a putative role for leptin in human and rodent pregnancy and reproduction and, perhaps most importantly, in sexual maturation has been put forward (13, 17) .
Leptin restores fertility in ob/ob mice
Leptin is able to restore fertility in mice that are genetically deficient in leptin (ob/ob mice). While both male and female ob/ob mice are infertile, leptin treatment of female ob/ob mice restored the oestrous cycle and leptin-treated ob/ob females were able to become pregnant and deliver (18) . Barash et al. (19) , also treating ob/ob female mice with leptin, clearly demonstrated that leptin reactivates reproductive function by a central action on the hypothalamo-pituitarygonadal axis. Similar data were obtained while treating male ob/ob mice (20) . These data suggested that normal leptin secretion is necessary for normal reproductive function to proceed and leptin may well be a signal triggering the onset of reproductive function.
Leptin levels at the onset of puberty in normal rats
Plasma leptin concentrations are low after weaning in the female rat and progressively increase during the prepubertal and pubertal periods (21) . A leptin concentration of approximately 700 pg/ml appears to be the minimum circulating concentration which allows sexual maturation to proceed. In different models of delayed sexual maturation which had been induced by food restriction, plasma leptin levels remained very low (21) . Central infusion of leptin (10 mg/day, Lilly Laboratories, Indianapolis, IN, USA) into the lateral ventricle of severely food-restricted female rats resulted in increased energy expenditure with a further loss of weight and an induction of the process of sexual maturation despite the caloric restriction (22) . For example, vaginal opening occurred in 8 out of 9 rats receiving leptin, despite the presence of extreme malnutrition and very low body weight (22) . It seems likely that leptin is a powerful signal for sexual maturation in the rat. The rising plasma levels of leptin in the prepubertal period in the rat might represent a permissive factor indicating that the animal is metabolically ready to go through puberty (22) (23) (24) .
Leptin as a metabolic gate for the onset of puberty in normal mice and rats
Normal prepubertal female mice injected with leptin increased weight at a slower rate than controls as a result of the hormone's thinning effects, but they reproduced up to nine days earlier than controls and showed earlier maturation of the reproductive tract (25) . According to Chehab et al. (25) , these data suggest that leptin acts as a signal triggering puberty, thus supporting the hypothesis that fat accumulation enhances maturation of the reproductive tract. The hypothesis that leptin acts as a metabolic signal for the onset of puberty was further tested in the female rat by Cheung et al. (24) . Leptin (6.3 mg/g twice daily) was administered to normal prepubertal female rats. Their rate of sexual maturation was compared with two control groups, i.e. with rats that were pair-fed with the leptin-treated females and with rats that were fed ad libitum. Food intake in the leptin-treated group was reduced to approximately 80% of the ad libitum-fed control group, resulting in retarded weight gain in both leptin-treated and pair-fed animals. All measured indices of pubertal maturation were delayed in the pair-fed group but they were not different between the leptin-treated group and the ad libitum-fed controls (24) . In a second experiment animals were food-restricted more severely to a level which was 70% of that received by animals fed ad libitum. In this experiment, leptin administration to these malnourished rats only partially restored the timing of pubertal maturation (24) . The authors concluded that leptin was neither the only nor the primary signal that initiated the onset of puberty. However, leptin seemed to be a permissive factor, acting as a metabolic gate or threshold to allow sexual maturation to proceed only under adequate metabolic conditions. Other metabolic factors in addition to leptin may influence the timing of puberty onset under adverse metabolic conditions such as malnutrition, high energy expenditure or severe disease states (13, 24) . Similar results were obtained in mice by Ahima et al. who showed that, when normal female mice were treated with leptin, pubertal development and sexual maturation were accelerated compared with control animals (26) . In this study, the dose of leptin used (2 mg/g body weight/day i.p.) did not affect body weight gain.
Malnutrition, energy expenditure and sexual maturation -the role of neuropeptide Y
Reproductive function is impaired or reduced in adverse metabolic conditions such as malnutrition, intense exercise such as that exerted by marathon runners, gymnasts and ballet dancers, and chronic diseases such as chronic infections, type-1 diabetes, obesity and heart and kidney disease in both rodents and humans (1, 14) . This impairment is secondary to reduced hypothalamic drive of gonadotrophin secretion. Excessive hypothalamic neuropeptide Y (NPY) release, in part accounted for by increased NPY gene expression, is present in different unfavourable metabolic conditions such as food restriction or insulin-dependent diabetes mellitus, as seen in the rat (27) . The increased NPY activity might exert an inhibitory effect upon the gonadotrophin axis, thus representing a direct mechanism for inhibiting sexual maturation and reproductive function in conditions of food restriction and/or increased energy expenditure. Chronic, central infusion of NPY specifically inhibits reproductive function in the adult female (28) and male (29) rat, but also delays sexual maturation as long as the infusion continues (30) . NPY is therefore considered as a neuroendocrine mediator involved in modifying the timing of sexual maturation when nutritional conditions are suboptimal. It is clear that other neuropeptides or neuromodulators in addition to NPY could be involved in this inhibitory action.
Leptin -the missing link between energy stores, NPY and the gonadotrophinreleasing hormone (GnRH)-luteinizing hormone (LH)/follicle-stimulating hormone (FSH) axis
Since leptin affects NPY synthesis in the hypothalamus and probably NPY release, it can be hypothesized that leptin might play a role in the regulation of reproductive function and sexual maturation. Raising leptin levels under favourable nutritional conditions could then reduce NPY activity and thus suppress the postulated inhibitory effects of NPY neurons upon the GnRH-LH/ FSH axis, allowing sexual maturation and reproductive function to proceed. Similarly, a large body of evidence now supports the existence of a negative feedback system regulating food intake, leptin secretion and hypothalamic NPY expression (3, 5, 22) .
Leptin levels at the onset of normal puberty in humans
Circulating leptin levels increase during the so-called dynamic phase of juvenile obesity at the onset of puberty and related to body fatness, energy metabolism and sexual maturation (12) . In boys, rising leptin serum levels precede the onset of puberty, as has been shown both in a longitudinal (31) and in two cross-sectional studies (15, 16, 32, 33) . In healthy female adolescents there was a significant association between the relative total body fat and the average daytime serum leptin level, while the percentage increase in the nocturnal leptin concentration was inversely related to the percentage gain in total body weight (34) . At this point of time, it is totally unclear what role circadian variations of leptin concentrations might play in the triggering of sexual maturation.
During sexual maturation, a divergent pattern of leptin levels was observed in both genders. While in girls leptin levels increased steadily with pubertal development, leptin levels in boys were highest during early puberty. Later in adolescence, testosterone levels were inversely related to leptin levels in boys, suggesting a negative feedback loop between leptin and the gonadotrophin-testosterone axis (12, 15, 16, (31) (32) (33) . From these clinical studies it may again be hypothesized that leptin has a permissive role for pubertal development. However, it is unlikely that leptin per se triggers puberty in the human.
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Leptin and human pregnancy
In animal models, leptin seems to be important, not only for sexual maturation, but also for reproduction (18, 25) . The little information that is available in respect to leptin levels during human gestation and at term is still controversial in many aspects (35) (36) (37) . In addition, scarce data exist with respect to potential roles for leptin during gestation. A significant correlation exists between birth weight and leptin concentration in cord blood at birth, while no such correlation exists with maternal leptin levels (35, 37) . An important role for leptin in foetal growth and development has therefore been hypothesized. In fact, during late human pregnancy, leptin could be one of the links between the neuroendocrine system and the adipose tissue which expands during pregnancy. A general role for leptin in reproduction seems to be likely in view of the accumulating data both in humans and in animal models.
Conclusion
It has been known for years that ballet dancers, marathon runners, and others with low body fat have disrupted reproductive systems, as do people who are starving. Women stop ovulating, and testosterone levels fall in men (14, 17) . Because leptin is made and secreted by fat cells, the drop in leptin production that occurs in very lean or starving people might account for these changes (38, 39) . Thus, leptin may well be one of the hormonal factors that signal to the brain when the 'body' is ready for sexual maturation. In a situation where the energetic conditions are favourable for initiating the final steps of sexual maturation, leptin might indicate the point of initiation and progression towards puberty. This hypothesis seems to be equally valid in rodents and humans. Some of the questions that still remain to be answered are: (1) just how does leptin modulate sex hormone production? (2) Is the hypothalamus at the centre of leptin's action upon the timing of puberty? (3) Which role do the NPY neurones play in leptin's effect on sexual function/maturation? (4) What factor/signal triggers the prepubertal leptin spike that is apparent in both man and rodents without any sudden weight gain? (5) What other factors are important in signalling the metabolic readiness of the body to mature sexually?
